1. Introduction
===============

Textile industries are highly dependent on water and consequently produce a significant amount of effluent. The effluent contains large amounts of bio dye materials. Approximately 50% of the dyes used in the textile industry are Azo dyes that are also widely used in other industries such as printing, pharmaceutical, and toy industries ([@b1-epj-10-7086], [@b2-epj-10-7086]). It is estimated that about 15% of the dyestuff is discharged into the environment as effluent of the dying process ([@b3-epj-10-7086], [@b4-epj-10-7086]). Discharge of dye effluent into rivers and lakes attenuates quality of water, decreases oxygen transfers into water and solvability of gasses, increases toxicity, causes cancer, and mutates animals and humans ([@b5-epj-10-7086]). Therefore, dye removal from the effluents is of great importance. Following scientific advances in the manufacturing of textile dyes, new dyes have been introduced on the market that bring better dye specifications with higher stability ([@b6-epj-10-7086]). However, stable dyestuff is more resilient to biological and chemical decomposition processes ([@b7-epj-10-7086]). The majority of the dyestuff employed in textile industries cannot be decomposed by treatment processes such as coagulation and chemical precipitation ([@b8-epj-10-7086], [@b9-epj-10-7086]). In addition, these processes are faced with other constraints and problems such as high cost, low performance, and production of large amounts of sludge ([@b10-epj-10-7086]). In this study, we attempted to investigate the effects of electrocoagulation and adsorption processes using a coupling technique for possibility to increase the pollutant removal efficiency. So far, this method has been investigated in studies regarding pollutant removal such as chromium ([@b11-epj-10-7086]), fluoride ([@b12-epj-10-7086]), and acid dye ([@b13-epj-10-7086]). In this study, Reactive Black 5 dye from aqueous solutions by coupled electrocoagulation and a new form of bio-adsorbent process under different conditions have also been investigated. The electrochemical process is considered as environmentally friendly and low cost and is a competitive method compared to other methods. Other advantages of this method are the inexpensive equipment needed to implement the method, production of small volume of sludge with low water content and high water absorption capacity, and small space requirement ([@b14-epj-10-7086]). To destabilize suspended and colloid materials by electrochemical coagulation processes, electricity, and iron/aluminum electrodes are needed ([@b15-epj-10-7086]). The electrodes are decomposed via electrolysis process in the electrocoagulation process to produce metal hydroxides that coagulate suspended particles, which eventually, destabilize colloid particles or contaminants through precipitation ([@b16-epj-10-7086]). M is the anode metal and n is the number of transferred electrons in the oxidation and reduction reactions ([@b17-epj-10-7086]). Adsorption is the augmentation process of particles where the two phases meet. This method can be considered as one of the efficient and economical methods to remove pollutants and dye from aquatic solutions. The process uses carbonated/non-carbonated (powder and granular) in activated and non-activated forms (e.g. ash, bentonite, phosphate, cellulose, biomass, charcoal, and porcelain soil ([@b18-epj-10-7086]). Recently, researchers have paid more attention to improving performance and removing the obstacles by combining two or more processes. There have been studies on the combined electrocoagulation and adsorption processes ([@b11-epj-10-7086], [@b13-epj-10-7086], [@b19-epj-10-7086]). The present study has been an attempt to apply the two processes and overcome the problems by using the two processes for disintegrating adsorbent powder from water and provide clarity in the electrocoagulation process to remove Reactive Black 5 dye from aquatic solutions.

2. Material and Methods
=======================

2.1. Materials and Methods
--------------------------

The chemical materials including RB5 dye (C26H21Na4N5O19S6 \[CASRN 17095-24-8\]), sodium hydroxide, and chloridric acid were procured from Merck Company (Germany). Distilled water (HPLC) was used in the experiment. The stock solution of the dye (1000 mg/l) was prepared by dissolving a specific amount of RB5 dye powder (55%). The pH value was set by Denver Ultra basic-UB10 (USA) using chloridric acid and 1.0 N sodium hydroxide. EC was checked using WTW-Cond 1310 (Germany) at 1000, 1500, 2000, 2500, and 3000 μs/cm using 1.0 N KCL.

2.2. Adsorbent preparation
--------------------------

Tea waste (granulated, mesh 60, dried) was prepared from Kenyan small grain tea supplied by an ice tea factory in Iran. To remove probable dyestuff and contaminants, the tea was pickled for four hours in phosphoric acid (1:3) and then rinsed until neutral pH was achieved. After that, the tea waste was dried at 120 ºC for 24 h. Then, it was converted into ash at 600ºC for 60min in a horizontal electrical furnace (Alfa) in absence of oxygen. The obtained ash was stored in a cool sealed desiccator. [Figure 1](#f1-epj-10-7086){ref-type="fig"} illustrates the SEM adsorbent images before and after adsorbing RB5 dye.

2.3. Experiment
---------------

Experiments were done in the Wastewater laboratory of Gonabad University of Medical Sciences in 2017. A glass container with length, width, and height of 10 cm, 12 cm, and 13 cm respectively (1 L) was used to affix the plane iron electrodes (10×11cm) to form a bipolar system with a 2cm gap in between. The electrodes were connected to a source (30V-Micro). Before switching the source ON, the samples of synthetic effluent (500 mg/l) were poured into a reactor and mounted on a magnetic mixer at low rpm after setting pHs on 2, 3, 4, 5, 6, 8, 9 and EC on 1000, 15000, 2000, 2500, and 3000 μs/cm. Afterwards, electrocoagulation and adsorption experiments were performed simultaneously and separately. Dye removal performance was determined by collecting 20 mL specimens at twenty-minute intervals over eighty minutes using spectrometer (Thermo Scientific Helios Epsilon UV/VIS- 597 nm). The amount of decomposed iron in the reactor was measured before and after the process using Faraday's law and based on weight comparison. Finally, the data were analyzed by descriptive statistics using Microsoft Excel 2017 version.

3. Results and discussion
=========================

3.1. The effects of pH
----------------------

The primary pH from a solution is notably effective in the performance of chemical reactions and electrocoagulation process for removing bio contaminants from aquatic solutions. Change in the final pH from the effluent, like the primary pH, is of great importance concerning environmental standards and regulations for discharging effluents ([@b20-epj-10-7086]--[@b22-epj-10-7086]). The final pH from a solution might change during the electrocoagulation and adsorption processes. The change is subject to material of the electrode, absorbers, and pH of the effluent ([@b10-epj-10-7086]). The effects of changes in the primary pH from 2 to 9 on performance of electrocoagulation process and the effect of the final pH on the primary pH rate using iron electrode are shown in [Figure 2](#f2-epj-10-7086){ref-type="fig"}.

The Highest removal performance was about 96% with pH 6. In addition, the results showed that the final pH was on average 3.8 units higher than the primary pH, so that after the process, the effluent was discharged as alkali ([Figure 2](#f2-epj-10-7086){ref-type="fig"}). The effect of temperature changes and the final pH over time is shown in [Figure 3](#f3-epj-10-7086){ref-type="fig"}. The results revealed that with increasing the reaction time to eighty minutes, the final temperature of the process increased from 25.7 to 48.9 ºC and pH increased from 5 to 9 (correlation coefficient of 96%) ([Figure 3](#f3-epj-10-7086){ref-type="fig"}). Adsorption of RB5 with the primary pH ranged from 5 to 9 is illustrated in [Figure 4](#f4-epj-10-7086){ref-type="fig"}. The results indicated that higher adsorption performance was achieved by the primary pH of 5 equal to 7.82%, while the ratio of the residual dye to the primary dye content was 0.92. Kannan et al. reported that the rate of the final pH to the primary pH increased with the reaction time so that pH of electrocoagulation process with and without adsorbent increased from 4.78 to 6.41 and 5.96, respectively ([@b10-epj-10-7086]). They explained their findings by highlighting the reaction between the generated hydrogen gas with Cl-, NO~3~-, and HCO~3~- and decomposition of Al(OH)~3~ to strong OH- ions. Ghalwa et al. argued that using iron electrodes at alkali pH improved removal process due to the decrease in iron ions decomposition and formation of iron (II) hydroxide forms that are adsorbents of dye molecules ([@b23-epj-10-7086]). In addition, removal performance decreased at alkali pH because hydroxide ions were oxidized at the anode, conversion of Fe^+2^ to Fe^+3^ forms, and formation of Fe(OH)~6~^3^- and Fe(OH)^4^-. Consistent with our results, they reported that the highest removal performance was achieved by the primary pH equal to 6. Therefore, pH of 6 was taken as the optimum pH for the simultaneous processes of electrocoagulation with iron electrode and adsorption.

3.2. The effects of adsorbent dose
----------------------------------

The effect of adsorbent dose for simultaneous and separate use of electrocoagulation and adsorbent is shown in [Figure 5](#f5-epj-10-7086){ref-type="fig"}. The results showed that with the increase in adsorbent dose from 0.2 to 1 g/l, performance of the dye removal increased significantly and the rate of the residual dye to the initial dye content decreased from 0.99 to 0.92 ([Figure 5](#f5-epj-10-7086){ref-type="fig"}). This rate, with the use of iron electrode, adsorbent dose of 1g/l and pH =6 was 9.27 and when the two processes were simultaneously applied, it improved by 0.020. [Figure 6](#f6-epj-10-7086){ref-type="fig"} shows the results of the processes separately and simultaneously. The results demonstrated that the rate of initial dye concentration to residual dye using iron electrode without and with adsorbent, were 0.049 and 0.020, respectively ([Figure 6](#f6-epj-10-7086){ref-type="fig"}). Bazrafshan et al. reported that an increase in the adsorbent dose from 0.1 to 0.8g/l increased removal performance. With the increasing of the number of the available sites for adsorption process, with adsorbent dose of 0.8g/l, COD removal performance increased by 99% ([@b19-epj-10-7086]). Sebastian Secula et al. argued that increase of adsorbent dose from 0.25g/l to 0.5 and higher, while using the two processes simultaneously, resulted in a considerable increase in Carmine dye removal up to 99% ([@b13-epj-10-7086]). Alizadeh et al. reported that removal performance decreased by an increase in primary dye content when iron electrodes were used due to the decrease in reaction rate, while pH is a major effective parameter in the removal. In addition, they argued that high concentration of the contaminants in the adsorption process resulted in saturation of adsorption on the adsorbent and a decrease in performance ([@b3-epj-10-7086]).

3.3. The effect of reaction time
--------------------------------

In almost all studies, reaction time has been considered as one of the main parameters in chemical reactions. In addition to the decrease in costs, reaction time increases both performance and feasibility of the processes ([@b24-epj-10-7086], [@b25-epj-10-7086]). The effect of changes in reaction time on energy consumption in dye removal by iron electrode is shown in [Figure 7](#f7-epj-10-7086){ref-type="fig"}. The results indicated that the increase in exposure time and energy consumption resulted in a decrease in concentration of residual dye, so, 0.32 kWh of energy was used for removing one gram of dye. Electro-adsorption decreased the final concentration of dye using iron electrode from 500 to 10 mg/l ([Figure 7](#f7-epj-10-7086){ref-type="fig"}). The effect of the reaction time on iron electrode wear in removal of each gram of dye is illustrated in [Figure 8](#f8-epj-10-7086){ref-type="fig"}. The results indicated that 2.39gr of e iron electrode was consumed (production of coagulant) for removal of each gram of dye after the eightieth minute of the reaction ([Figure 8](#f8-epj-10-7086){ref-type="fig"}). Dalvand et al. reported that the increase of reaction time increased energy consumption for dye removal of 99.1% (Voltage=20 V; T=75 min; and E=1.516 kWh/m^3^). They explained their results by mentioning the increase in the electrical current in the electrodes ([@b26-epj-10-7086]). Rahmanir et al. (2013) reported that an increase in reaction time increased removal performance so that the latter increased from 89.74% to 95.18% when the former increased the reaction time from 22.17 to 28.10 min. As they argued, this was due to a higher rate of Fe ions generation from iron electrodes and formation of adequate iron hydroxide precipitate ([@b27-epj-10-7086]). Alizadeh et al. argued that longer process time is needed to remove contaminants when the primary concentration of the contaminants increases ([@b3-epj-10-7086]). The diluted solution forms a disuse layer around the electrode and increases the reaction rate, while in dense solutions, the diffuse layer has no effect on the rate of distribution or migration of metallic ions toward the electrode surface. Therefore, removal performance decreased with a higher concentration of the contaminants ([@b3-epj-10-7086]). Our results, consistent with other studies, suggested that an increase in reaction time from 0 to 80 min increased energy consumption, iron electron wear, and removal performance. So, the highest performance was achieved at the eightieth minute and then the procedure was stopped due to economic concerns.

3.4. The effects of EC
----------------------

The higher the ionic power of water, the higher the current needed for a fixed voltage; in other words, by keeping the current constant, an increase in EC leads to the decrease of voltage ([@b28-epj-10-7086]). The effect of changes in EC on dye removal performance with iron electrodes using the electrocoagulation process is shown in [Figure 9](#f9-epj-10-7086){ref-type="fig"}. The results indicated that an increase in EC of the reactor increased dye removal performance ([Figure 9](#f9-epj-10-7086){ref-type="fig"}). The effect of changes in the primary value of EC on consumption of electrical energy and the electrodes and the dye removal is presented in [Figure 10](#f10-epj-10-7086){ref-type="fig"}. The results showed that energy consumption and electrode wear increased with increase in EC, and consequently, the increase in removal performance was observed. Therefore, the increase of EC from 1000 to 3000μs/cm could lead to an increase in energy consumption from 0.2 to 0.32 kWh/g. In addition, weight of solved electrode increased from 1.44 to 2.38 g for each gram of the dye removal ([Figure 10](#f10-epj-10-7086){ref-type="fig"}). Bazrafshan et al. reported that by keeping the voltage at a constant level, the increase in EC led to an increase in energy and electrode consumption; so wear in electrode increased from 0.11 to 0.19 kg/g when EC increased from 1000 to 3000 μs/cm, and meanwhile, humic acid removal increased from 76.95 to 92.69%. Bazrafshan et al. highlighted that increase in EC by adding 1, 1.5, 2, and 4g/l of chloride potassium increased humic acid removal significantly, due to increase in formation of coagulator materials, and the size of flocs ([@b20-epj-10-7086]). Consistently, our results showed that increase in EC led to an increase in removal performance, and the optimum value of EC was 3000 μs/cm.

4. Conclusions
==============

This study examined the performance removal of RB5 by electrocoagulation and adsorption processes. The results indicated that RB5 removal performance increased by 96% via combining the two processes, using CTC tea waste as an adsorbent, reaction time of 80min, EC of 3000 μs/cm, pH of 6, initial dye concentration of 500 mg/l, and adsorbent dose of 1 g/l. The results also showed increase in energy consumption and the electrode wear. Moreover, despite the negligible role of adsorption process in dye removal, combining the process with electrocoagulation could lead to considerable improvement in dye removal. Therefore, combining the electrocoagulation and adsorption processes can be adopted as an efficient and economical way to treat effluents contaminated with dyestuff.
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